Techno-economic potentials and market trends for power-to-hydrogen and hydrogen-to-x based on a collaborative and international review by Robinius, M. et al.
Techno-economic Potentials and Market Trends for 
Power-to-Hydrogen and Hydrogen-to-X based on a 
Collaborative and International Review 
JUNE 19, 2018 | MARTIN ROBINIUS, JOCHEN LINSSEN, CHRISTINE MANSILLA, MIHAI 
BALAN, FRANCESCO DOLCI, ROBERT R DICKINSON, CARLOS FÚNEZ 
GUERRA, LAURENCE GRAND-CLÉMENT, SAMANTHA HILLIARD, 
HENRIK ISKOV, JONATHAN LEAVER, ANDRE PEREIRA, JORIS PROOST, 
CHRISTOPHER QUARTON, SHEILA SAMSATLI, OLFA TLILI, SOLÈNE 
VALENTIN, EVELINE WEIDNER, PAUL LUCCHESE 
 
m.robinius@fz-juelich.de 
Institute for Electrochemical Process Engineering (IEK-3) 
Session G2-2: Engineering application and products 
World Hydrogen Energy Conference (WHEC), Rio de Janeiro, Brazil  
IEK-3: Institute of Electrochemical Process Engineering 
Motivation: Climate Targets  
COP21 agreement [1]: 
 Limiting global warming below 2°C above pre-industrial levels and aim to limit the increasing  
to 1.5 °C 
 Set global emissions to peak as soon as possible 
 Reduction of emission in accordance with the best available science   
 Developing countries shall get support for adaption to the targets 
 Specific climate actions are developed in Parties 
 175 Parties have ratified of 197 Parties to the COP21 agreement  
 
EU Climate Action [2]:  
 EU-28: 2015 4,4518 MTCO2 Eq. [3]  
 At least 20% (2020), 40% (2030) and 80% (2050) 
cut in greenhouse gas emissions compared to 1990 
 At least 20% (2020), 27% (2030) of total energy  
consumption from renewable energy 
 At least 20% (2020), 27% (2030) increase in energy  
efficiency 
 
 [1] United Nations, “Paris Agreement”, 2015 
[2] EU climate action, https://ec.europa.eu/clima/policies/strategies_en 
[3] Eurostat, “Greenhouse gas emission statistics - emission inventories”, 2017  
EU Emissions from areas [1] 
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Power-to-X Pathways: Core Elements of Future Energy Systems 
 
Power-to-Gas or -to-Fuel 
 Conversion to methane/ 
syngas by using captured or 
biogenic carbon dioxide  
 Processing to synthetic liquid 
hydro carbons  
 Substitute for fossil fuels 
Power-to-Hydrogen 
 Conversion of electricity via 
electrolysis to hydrogen 
(congestion/ lacking 
demand) 
 Hydrogen as clean fuel in 
end use applications 
Power-to-Power 
 Re-electrification of 
hydrogen/ methane for 
seasonal electricity storage   
Corresponding and cross-linked infrastructures  
Robinius, M., et al., Linking the Power and Transport Sectors—Part 1: The Principle of Sector Coupling. Energies, 2017. 10(7): p. 956. 
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Over 55 experts from 35 organizations in 15 countries  
 
 
 
 
 
 
 
Major objectives:  
- To provide a comprehensive understanding of the various technical and economic 
pathways for power-to-hydrogen applications in diverse situations 
- To provide a comprehensive assessment of existing legal frameworks 
- To provide business developers and policy makers with general guidelines and 
recommendations that enhance hydrogen system deployment in energy markets  
Task 38 of the IEA H2 TCP: Power-to-Hydrogen and Hydrogen-to-X 
Scope of Task: System Analysis of the techno-economic, 
legal and regulatory conditions 
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Task 38 of the IEA H2 TCP 
Power-to-Hydrogen and Hydrogen-to-X:  
System Analysis of the techno-economic, legal and regulatory conditions 
 Subtask Subtask Name Subtask Leader  Subtask Activities 
1 
Management, strategy 
and communication 
Paul Lucchese and 
Christine Mansilla, CEA, 
France 
- Involving new experts 
- Coordination (meeting organization, private 
website update, ST/TF activity follow-up) 
- Interfacing (IEA, HyLaw, Task 36, 
CEN/CENELEC) 
2 
Mapping and review of 
existing demonstration 
projects 
Joris Proost, Université 
Catholique de Louvain, 
Belgium 
- Review of existing databases 
- Proposal of a roadmap 
3A 
Review and analysis of 
the existing techno-
economic studies on 
PtH HtX 
Martin Robinius, 
Forschungszentrum 
Jülich, Germany 
- Literature review and analysis 
- Database establishment 
3B 
Review of the existing 
legal context and policy 
measures 
Francesco Dolci, JRC, 
European Commission 
- Review of existing legal frameworks and policy 
measures 
- Database establishment for mapping relevant 
national legislation 
4 
Systemic approach  
  
Sheila Samsatli, 
University of Bath, United 
Kingdom 
- Analysis of energy system models 
- Outlook for hydrogen from a system 
perspective 
5 Case studies 
Gema Alcalde and Carlos 
Funez, Centro Nacional 
del Hidrógeno, Spain 
- Identification and analysis of relevant case 
studies 
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- Set up of a document database:  
• Over 230 reports, papers, proceedings 
• Detailed review of 183 publications 
  
- Review process in two step approach: 
1st step: Identifying studies with relevant qualitative /quantitative data and collect 
the main facts and figures of the studies, including: 
• Context of the study and general issues: date, type of document, geographical 
scope and time horizon; 
• Addressed PtH – HtX pathways and grid services addressed 
• Identifying key issues/ bottlenecks in publications and general aspects for the 
Power-to-X pathways  
2nd step -  Detailed analysis of relevant studies (identified in 1st step: # 183 items): 
• Techno-economic assumptions of the Power-to-X pathways: electricity prices, 
CAPEX and OPEX etc. ; 
• Resulting hydrogen/ fuels production cost, comparison of costs targets/ markets 
• Comparison of business cases  
  
Literature Review: Approach 
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Selected Results of Review 1/5 
6 
2nd step: In-depth analysis of 183 publications  
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Selected Results of Review 2/5 
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PtH Power-to-Hydrogen  
HtP Hydrogen-to-Power 
HtG-H2 Hydrogen-to-Gas (feed-in H2) 
HtG-M Hydrogen-to-Gas (feed-in of 
synthetic methane 
HtF-H2 Hydrogen-to-Fuel (Hydrogen) 
HtF-S Hydrogen-to-Fuel  (liquid synfuels) 
HtF-G Hydrogen-to-Fuel (gaseous 
synfuels) 
HtI Hydrogen-to-Industry 
HtQ Hydrogen-to-Heat 
HtCh Hydrogen-to-Chemicals 
* 
* multiple nominations possible 
* * 
2nd step: In-depth analysis of 183 publications  
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Selected Results of Review 3/5 
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RES: hydro, wind, PV 
other concepts: geothermal etc. 
2nd step: In-depth analysis of 183 publications  
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Selected Analysis of Review 4/5 
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2nd step: In-depth analysis of 183 publications  
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Selected Analysis of Review 5/5 
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* 
2nd step: In-depth analysis of 183 publications  
IEK-3: Institute of Electrochemical Process Engineering 
 
- 3 potential markets identified from the literature review:  
- Transportation (Hydrogen-to-Fuel, HtF); 
- Feed-in of hydrogen into natural gas grid, either directly or 
as synthetic methane via methanation step (Hydrogen-to-
Gas, HtG); 
- Power generation (Power-to-Power, PtP). 
 
- Other Power-to-X pathways are less covered by publications 
before 2017 (hydrogen-to-industry /heat /chemicals) 
Literature Review: Identified Target Markets  
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Market potential 
- Main driving force: decarbonization and integration of RES transportation 
- Need for decarbonization of the transport sector = very strong incentive for 
producing low carbon fuel to improve air quality and reduce GHG emissions  
- In the long term: the CO2 emissions of hydrogen-fueled vehicles could be 75% lower 
than for equivalent diesel vehicles 
- In the short term, the use of “green hydrogen” (i.e. hydrogen produced by low-
carbon pathways) in refineries is a promising option for reducing the GHG intensity 
of established transport fuels  
 
Economics 
- Hydrogen competitive up to 2030 only with support schemes (e.g. tax-free hydrogen 
or electricity) and competitiveness without support schemes in 2050 
- HtF-H2 pathways already compete with low carbon fuels  
Literature review: Target Market -Transportation 
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Market potential 
- Potentials, economic feasibility, and limitations still need to be assessed diligently 
- Production of synthetic natural gas is more expensive than feed-in hydrogen, 
reasons for synthetic natural gas: utilization of existing infrastructure with almost no 
modification whereas hydrogen feed-in currently limited to 2-10% 
Economics 
- Commercial competition not possible for synthetic methane, in particular in 
comparison with potentially low carbon options such as bio methane 
- To become competitive, direct injection of hydrogen from electrolysis would need low 
electricity prices and/ or support schemes to become competitive by 2050  
Hydrogen to interconnect energy carriers 
- Improve of profitability by multimodal operation: e.g. linking to heat market, selling 
oxygen and providing grid service 
- Smart gas systems: Profit from increased flexibility and efficiency through multiple 
fuels and outputs (similar to electrical smart grids) 
Literature Review: Target Market – Synthetic Methane and H2 Feed-in 
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Market potential 
- Main driving force: Balancing and storage of non-dispatchable electricity 
 
Economics 
 Relief of generation, transmission and distribution system and its management   
 Flexible generation or consumption markets, importance growing with rising 
level of RES electricity generation  
 Seasonal storage of non-dispatchable electricity for improving utilization of 
generation capacities and periods with low RES generation 
 Business case only possible by using all system services markets and market 
regimes have to be adapted 
 
Electrolysis and hydrogen/ synthetic methane as  
enabler for sector coupling and seasonal storage 
 
Literature Review: Target Market – Power-to-Power 
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- Comprehensive literature review reveals worldwide trends in Power-to-X pathways 
• Strong increase of Power-to-X publications with peak in period 2013 -2016 
• Focus on USA and EU especially Germany, UK and the Netherlands 
• Shift in publications from grid-connected AEL to PEM electrolysis; minor focus to 
off-grid applications  
• Large bandwidth of assumed electrolysis investment and resulting hydrogen 
production costs (4 – 10 €/kgH2), no clear trend in cost reduction in publications 
• Installed electrolysis capacities in the scenarios are low (over 90 % below 1 GW) 
- Three potential markets identified from the literature review:  
• Transportation (Hydrogen-to-Fuel, HtF) 
• Feed-in of hydrogen/ synthetic methane into natural gas grid  
• Power generation (Power-to-Power, PtP) 
- Power-to-Chemicals or Industry no focus in literature before 2017  
 
 
Summary 
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- Please specify the technologies 
- Please name the type of electrolysis  
- Please name the efficiency 
 
 
- Please specify the investment costs 
- What is included? 
- Which year of the currency? 
 
 
Lessons Learned: Guideline for Authors 
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Thank you for your attention! 
Special thanks to the reviewer team of Task 38! 
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